axonal growth, Schwann cell migration, macrophage distribution, morphometry, and return of muscle force. Object. The authors have previously shown that longitudinal sutures without artificial tube support regeneration across a 7-mm gap in the rat sciatic nerve. In the present study, the authors compared this new approach with the use of autologous nerve grafts across short defects and examined whether the approach could be used to support regeneration across extended gaps and whether the interposition of a short nerve segment (the stepping-stone procedure) was applicable in this model.
WIDE variety of biological and synthetic conduit materials have been developed and used in the search for an efficient alternative to autologous nerve grafts. 12 A synthetic alternative has the practical advantage of being easily available, and the harvest procedure associated with biological grafts is not needed. Historically, artificial options have involved the use of different tubing systems, and regeneration has been successful regardless of what material was used, insofar as the gap to be bridged is limited. Modifications to the conduits or their contents can improve regeneration to some extent and these modifications may be required if gaps longer than 10 to 12 mm are to be bridged by synthetic tubular conduits. 12, 22 A common modification to the conduit is the introduction of Schwann cells because they are crucial for regeneration and could be one of the limiting components in the bridging of longer gaps. 5 Schwann cells can be attracted indirectly by application of growth factors or matrix proteins 4, 25, 36 or directly by seeding the conduit with cultured Schwann cells. 1, 5 Another more direct approach that has extended the nerve gap that is possible to bridge by different tubular conduits is the interposition of one or more short nerve segments. 13, 26, 34, 35 Modifications to a tubular conduit such as the permeability of the tube can also increase the nerve regeneration distance. Improved regeneration has been seen in both permeabilized absorbable and nonabsorbable tubes [17] [18] [19] [20] 31 and most notably when permeabilization involves pores large enough to permit migration of cells. 19 This suggests that barriers between the nerve and the environment may be detrimental. In contrast, isolation of a nerve crush 9 or a direct repair 8 by application of a tube improves the outgrowth of axons in the distal nerve segment.
We have recently described a new and simple method of nerve repair in which an intrinsic framework of longitudinal sutures are used to bridge a 7-mm gap. 32 The sutures support longitudinally oriented matrix formation and subsequent axonal growth. In this study we compared this open method to that using autologous nerve grafts across short (7 mm) defects and assessed its possibility to support regeneration across an extended gap (15 mm). We also sought to determine whether the interposition of a nerve piece along the sutures, the stepping-stone procedure, could enhance regeneration in this model. If so, we wanted to characterize the regeneration process with respect towere used in this study; permission from the local ethics committee at Lund University was obtained for their use. The rats underwent anesthesia by intraperitoneal injection of 2 ml of sodium pentobarbital in sodium chloride (6 mg/ml). The sciatic nerve was exposed on both sides. The procedures used in the three different experimental groups are explained in Fig. 1 . In animals in Groups I and II, 10-mm segments were resected bilaterally. In animals in Group I (four rats), the nerve endings were merely fixed by a 9-0 single epineurial suture to the adjacent muscle so as to leave an empty 7-mm gap between the nerve endings and to keep the nerve endings facing each other (Fig. 1) . In animals in Group II (eight rats), 8-0 polyglactin sutures were used in a continuous longitudinal fashion to bridge the gap on one side. The sutures were placed through and as close to the perineurium as possible, and three laps, creating six traversing lengths, were completed; the nerve endings were left 7 mm apart. The nerve segment resected on this side was shortened to 7 mm and was incorporated orthodromically on the contralateral side by using standard 9-0 epineurial sutures (Fig. 1) . In Group III animals (24 rats), 17-mm segments were resected bilaterally. The same sutures and procedure as described earlier were used to bridge the gaps bilaterally, leaving the nerve ends 15 mm apart. In addition, on one side, the suture was placed through a 2-mm nerve segment obtained from the resected segment each time it passed and the resulting interposed nerve segment, the stepping stone, was then centered in the gap (Fig. 1) . The wounds were closed in layers and the animals were allowed to recover. Four animals were left intact to serve as healthy controls for functional recovery.
Immunocytochemical Analysis
The animals were killed at 2 (Group III, eight rats), 4 (Group III, eight rats), and 12 (Group I, four rats; Group II, eight rats; and Group III, eight rats) weeks. The sciatic nerve on both sides of the animals in Groups II and III was transected 4 mm proximal and distal to the regenerated segment and was harvested in one piece. At 12 weeks the specimens from rats in Group III were divided at the midportion of each regenerated segment to process the proximal part for routine histological examination and the distal part was used for immunocytochemical analysis. In the other groups the entire specimen was prepared for immunocytochemical analysis.
The specimens were fixed in Stefanini fixative (4.7% paraformaldehyde, saturated picric acid, and 0.2 M phosphate buffer; 1:1:0.35; pH 7.2) for 2 hours at 4˚C, followed by washing and cryoprotection in 20% buffered sucrose solution overnight at 4˚C. The specimens were then mounted in a Tissue Tek and 8-m-thick longitudinal sections were cut in a cryostat. The sections were collected on chrome alum-coated slides and stored at Ϫ20˚C until immunocytochemical staining was performed. Schwann cell distribution was analyzed at 2 weeks by using fluorescence microscopy, macrophage populations at 2 and 4 weeks, and axonal growth at 4 and 12 weeks by using light microscopy.
Schwann Cells
Schwann cells were visualized using immunocytochemical staining for S-100 protein. The sections were washed in PBS and incubated with normal swine serum (1.5:100) for 20 minutes, followed by the primary antibody rabbit anti-cow S-100 protein (1:200 for 2 hours). The sections were then washed in PBS, incubated with the secondary antibody fluorescein isothiocyanate-conjugated swine anti-rabbit (1:100) in darkness, washed in PBS, and mounted in Vectashield.
Axons and Macrophages
Axons and macrophages were visualized using immunocytochemical staining for neurofilaments and ED1 and ED2 antibodies, respectively, with the avidin-biotin complex method. The sections were incubated in 0.3% H 2 O 2 in methanol for 30 minutes, washed in PBS, and incubated with normal horse serum (1.5:100) for 20 minutes. The primary antibodies, mouse anti-human 70-kD neurofilament (1:40 for 2 hours) for axons or mouse anti-ED1 or -ED2 (1:100 for 1 hour) for macrophages, were then applied. The sections were washed in PBS and incubated with the secondary antibody biotinylated horse anti-mouse immunoglobulin G (1:200) for 30 minutes. After additional washing in PBS the peroxidase-conjugated avidin-biotin complex was applied for 30 minutes. The sections were washed in PBS, stained in carbazole for 30 minutes, washed again, contrast-stained in Mayer HTX, and mounted in Kaiser glycerine.
All incubations were conducted at room temperature, and control slides were incubated without the primary antibody.
Histology and Axonal Counts
The proximal part of the regenerated segment from rats in Group III and the distal tibial trunk segments from rats in Groups II and III were processed for histological examination at 12 weeks. The specimens were fixed in 2.5% glutaraldehyde in cacodylate buffer, postfixed in 2% osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in Agar 100 resin. Transverse sections, 1 m thick from the midportion of the regenerated structure, were stained in 1% azure II and 1% methylene blue (1:1) and examined using light microscopy. Transverse sections, 1 m thick from the 5-mm segment of the distal tibial trunk, were stained in paraphenylenediamine. Digital photomicrographs of the tibial trunk cross section were then analyzed using Adobe Photoshop and NIH Image. Using the ϫ10 objective, we outlined and measured the entire cross-sectioned area of the tibial trunk. A grid, in which each field corresponds to the area covered by the ϫ100 objective, was then applied and a minimum of one of six fields were selected in a random fashion, excluding fields with artifacts. The photomicrographs were analyzed using NIH Image to yield the extrapolated total number of fibers.
Tetanic Force Measurements
At 12 weeks tetanic force measurements were performed bilaterally in the reanesthetized animals in Groups II and III before they were killed and immunocytochemical and morphological investigations were performed. Four weight-and age-matched unoperated controls were also evaluated bilaterally. For these measurements the sciatic nerve was exposed and mobilized carefully. An extended skin incision was made posterolaterally down to the sole of the FIG. 1. Schematic illustration of the experimental groupings. Group I consisted of four rats with bilateral nonrepaired 7-mm gaps. Group II consisted of eight rats with continuous longitudinal sutures bridging the gap on one side and a standard nerve autograft on the contralateral side. Group III was composed of 24 rats with 15-mm gaps bridged by sutures alone on one side and a 2-mm interposed nerve segment threaded on to the sutures on the contralateral side.
foot. The Achilles tendon, with a piece of calcaneus attached to it, was mobilized and ligated. The gastrocnemius muscle was then dissected up to its origin. The knee and ankle joints were transfixed using double wires to the underlay, and the tendon ligature was looped around a metal hook connected to a force transducer. An initial tension of 0.26 to 0.33 N, representing the resting length of the muscle, 14 was applied. The sciatic nerve was then cut and stimulated proximal to the regenerated segment. Supramaximal stimulation (0.6 V at 100 Hz from an SD-9 stimulator) was delivered through platinum wire electrodes. The transducer signal was led through an amplifier to a computer where it was recorded and analyzed using LabView software. The force elicited in the gastrocnemius muscle was expressed in millinewtons.
Statistical Analysis
The number of myelinated fibers and the values of tetanic force in millinewtons are presented as the median (interquartile) range. The Wilcoxon signed-rank test and Spearman correlation test were used to compare the data. A probability of less than 0.05 was regarded as significant.
Sources of Supplies and Equipment
The 8-0 polyglactin sutures were obtained from Ethicon, Norderstedt, Germany. Anti-cow S-100 protein (Z0311), anti-rabbit (F205), and mouse anti-human 70-kD neurofilament (M0762) antibodies were obtained from Dako, Glostrup, Denmark. The avidin-biotin complex and the Vectashield were supplied by Vector Laboratories, Burlingame, CA. The mouse anti-ED1 and ED2 (MCA341/MCA342) were obtained from Serotec, Oxford, United Kingdom. The force transducer and SD-9 stimulator were manufactured by Grass Instruments, Quincy, MA.
Results

General Observations
In the nonrepaired Group I animals, there was no nerve continuity after 12 weeks and the proximal stumps were rounded without tapering cones in seven of eight operated nerves. In one case, the proximal end had extended some thin divergent branches of which one connected to the distal end. No pinch reflex could be elicited and further analysis was not performed. In all sutured cases in Groups II and III animals, a distinct structure without branching had formed between the nerve endings. At 2 weeks in Group III animals, the sutures were still visible and the interposed nerve segment was easily recognized as a spindleshaped structure incorporated in the middle of the regenerated structure. At 4 weeks the sutures were difficult to see and at 12 weeks they had vanished. All regenerated segments were adhering loosely to the surrounding tissue and were easy to dissect at all time points. The regenerated structure in Group III animals without interposed nerve segment was thin compared with the side with interposed nerve segment (Fig. 2) .
Immunocytochemical Findings
Schwann Cells. In the Group III specimens without interposed nerve segments longitudinally oriented, S-100-positive cells had entered the regenerated segment a couple of millimeters in the proximal and distal parts at 2 weeks, leaving a space with no S-100-positive cells in the center (Fig. 3A) . In the specimens with the interposed nerve segment, longitudinally oriented S-100-positive cells had also grown out from the interposed segment and were present throughout the regenerated structure (Fig.  3B) . Within the interposed nerve segment itself numerous S-100-positive cells were seen in a disorganized pattern.
Macrophages. In the Group III specimens, ED1-positive cells were seen in the proximal and distal junctions, in the distal nerve segment, and surrounding the sutures at 2 weeks (Fig. 4A) . The interposed nerve segment was also rich in ED1-positive cells at 2 weeks. The ED2-positive cells showed a different pattern of distribution and were most markedly seen as an outer cell layer surrounding the entire regenerated structure (Fig. 4B) . A few ED2-positive cells were also seen in the proximal and distal junctions and adjacent to the sutures; no ED2-positive cells were seen in the interposed nerve segment. The number of ED1/ED2-positive cells was lower at 4 weeks in Group III although the distribution was the same.
Axons. At 4 weeks neurofilament-positive axons had reached the distal junction site on both sides in the Group III animals. The axons were longitudinally oriented and evenly distributed from the center to the periphery of the regenerated structure. Suture remnants could still be seen, and no axons were growing in or adjacent to them (Fig.  5A ). In the junction areas and in the interposed nerve segments, the axons were growing in a disoriented fashion (Fig. 5B) . At 12 weeks no suture remnants were seen, and axons were noted throughout the regenerated structure in both Group II and Group III specimens (Fig. 5C ). Neurofilament-positive axons were seen throughout the distal nerve segment on both sides in all cases in Group II, in all cases with an interposed nerve segment in Group III, and in seven of eight cases without an interposed nerve segment.
Histological Findings
The architecture of the regenerated nerve structure in Group III animals at 12 weeks was similar to that observed in our previous report in which we studied animals with a 7-mm gap without interposed nerve segments. 32 Myelinated axons arranged in minifascicles and scattered capillaries were seen in the connective tissue stroma. The entire structure was surrounded by thin perineurial-like cell layers. No suture remnants could be seen. The sections with the interposed nerve segment generally had a greater cross-sectional area and contained more minifascicles than those without interposed segments, but in other respects no major differences were seen (Fig. 6) .
Axonal Counts
The numbers of myelinated fibers in the distal tibial trunk in Groups II and III at 12 weeks are presented in Fig.  7 . No significant difference was seen between the sutured and grafted sides in Group II animals. The range of the axonal counts was greater on the sutured side. In Group III animals the number of fibers was significantly greater on the side with the interposed nerve segment. In one case, on the side without an interposed nerve segment, no myelinated axons could be seen in the distal tibial trunk. The normal rat tibial nerve contains 4500 myelinated axons. 33 
Tetanic Force Measurements
The values of the tetanic force elicited in the gastrocnemius muscle at 12 weeks in Groups II and III are present-ed in Fig. 8 . As for the axonal counts, no significant difference was seen between the sutured and grafted sides in Group II animals, whereas in Group III animals there was a significantly greater return of muscle force on the side with the interposed nerve segment. Functional recovery expressed as the percentage of median muscle force compared with that in the unoperated controls was 59% with 7-mm nerve grafts, 35% with 7-mm sutures, 20% with 15-mm sutures plus interposed nerve segments, and 2% with 15-mm sutures alone. There was a positive correlation between the results of the tetanic force measurements and the results of the axonal counts in both Group II (Spearman = 0.76, p = 0.003) and Group III (Spearman = 0.77, p = 0.003).
Discussion
Previously, we have shown that a substrate as simple as continuous longitudinal sutures can promote nerve regeneration across a short (7 mm) gap. 32 In the present study this suture model was compared with autologous nerve grafts across short defects. We also introduced an extended gap and studied and characterized the regeneration process over this gap with or without the presence of a short interposed nerve segment as a source of Schwann cells.
The sutures seem to act as a framework that supports longitudinally oriented matrix formation including foreign body reactions to the sutures. The later axonal growth is, as in other grafting procedures, disorganized in the junction areas but otherwise well organized and longitudinally oriented, despite the lack of an extrinsic framework such as a tube. The axons are arranged in a pronounced minifascicular pattern and the minifascicles tend to grow larger as demarcation of the entire regenerated structure by a pseudoperineurium of flattened cell layers takes place. The conditions for matrix formation in this open approach could be substantially different from those in which a tube is used to bridge a gap. In the light of earlier studies showing beneficial effects of permeable tubes, [17] [18] [19] [20] 31 it might be advantageous with an unlimited access to factors from the environment. It is not known which components, neurotrophic factors or cells, of the tissue around the nerve are responsible for this effect, but Jenq, et al., 19 showed that pores large enough to permit cell exchange were superior to regenerated numbers of fibers with respect to fluid exchange only. They suggested that primarily fibroblasts and reticuloendothelial cells entered the tubes through the pores and perhaps could improve matrix formation. Increased neovascularization from surrounding tissue has also been reported in macropore collagen conduits. 20 In contrast, if only axonal outgrowth length is considered, placing a tube around a crushed nerve 9 or performing a nerve repair 8 by using a silicone tube without a gap improves the outgrowth of axons for unknown reasons. This effect was much less marked when permeable polyglactin tubes were used.
In the present study we chose to use polyglactin sutures. These are rapidly absorbable multifilament sutures and were found to be somewhat superior to monofilament nonabsorbable polyamide sutures by means of demarcation of the regenerated structure in a previous study. 32 In the suture model, the sutures are the only scaffold offering mechanical stability, and it is generally argued that when bioabsorbable conduits are used the time of absorption should not be too short because the instability that develops may damage the regenerating axons. 3, 10, 31 Because no significant differences in the results of regeneration were seen between the use of polyamide (nonabsorbable) and polyglactin (loss of strength at 2 weeks and totally absorbed by 6 weeks) sutures, 32 it suggests that sufficient stability evolves within the regenerating structure itself during the time of absorption of the polyglactin suture in this model.
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Sutures and short nerve segments for extended nerve defects Another potential problem generally considered when bioabsorbable materials are used in nerve repair is that inflammation and fibrosis from breakdown may be harmful to regenerating axons. 12, 31 In our model this breakdown of the sutures occurs at an early stage and in close contact with the regenerating structures. Observations 4 weeks postoperatively clearly show that no axons are growing in the areas defined by the sutures or in their surrounding inflammatory area; however, at 12 weeks when the sutures are totally absorbed, axonal growth is evenly distributed throughout the sections with no visible signs of the former inflammation. Although these results could be interpreted to suggest that inflammation with the presence of macrophages may not be conducive for the outgrowing axons, it is not certain that such an inflammatory reaction is negative. Thus, it is known that macrophages play an important role in peripheral nerve regeneration and that experimentally induced inflammation can enhance regeneration in some settings. 6, 7, 27 The ED1-positive cells, normally referred to as invading macrophages, and the ED2-positive cells, normally referred to as resident macrophages, 11 probably serve different functions in the regeneration process 15 and showed a clearly different pattern of distribution in the present study. The ED1-positive macrophages were primarily seen in the junction areas, in the distal nerve segments, and surrounding the sutures, whereas the ED2-positive macrophages were also seen as marked cell layers surrounding the entire regenerated structure. These macrophages had also taken on a flattened longitudinal shape. The exact cell types and mechanisms responsible for the reconstruction of a new perineurium in the regenerating nerve are not known. Electron microscopic observations from regeneration of transected adult nerves have indicated that the perineurial cells are derived from the ectodermally derived endoneurium, 28 whereas developmental studies on embryos have shown that the perineurium is generated by mesenchymal cells recruited from the immediate environment and that these cells undergo epithelial transformation. 30 The question of whether the macrophage pattern observed in this study should be interpreted as a role in the construction of a new perineurium or merely as a way for the body to encapsulate a bundle of foreign threads requires further investigation.
The results of the present study show that regeneration in the suture model, as assessed by axonal counts and return of muscle force, are comparable to those in nerve autografts across 7-mm gaps. When sutures are used alone to bridge 15-mm gaps, regeneration is poor. Still, the fact that they do support regeneration across a defect, where an empty silicone tube fails, is interesting. We speculate that this could in part be explained by an increase in the access of factors from the near nerve connective tissue and also to stabilization of the fibrin matrix that forms between the cut ends of a nerve. Polyglactin filaments, among others, have been shown to act as matrix stabilizers within silicone tubes. 2, 23 In the group of rats that did not undergo nerve repair, there was no evidence of any regeneration process except from one case as described. This is in agreement with results of other studies in which no recovery was shown when an empty gap was used as a negative control, 16, 21, 37 but is in sharp contrast to a study in which spontaneous regeneration and formation of a nerve trunk was described. In this study an average distance of 24 mm from the proximal nerve end 5 months after total (approximately 45 mm) sciatic nerve resection without repair was performed. 24 Whether this is due to differences in strain, sex, time point postsurgery or other factors requires further studies to answer.
Although regeneration was poor along sutures alone across 15-mm gaps, it was significantly enhanced by the interposition of a short nerve segment. The ability of the interposed nerve segment to enhance regeneration is probably explained by its contents of Schwann cells and their migration from the interposed nerve segment in a proximal and distal direction. The Schwann cells provide both basal lamina components and factors that promote axonal growth. The migration results in an earlier uninterrupted distribution of Schwann cells in the matrix compared with the side without an interposed nerve segment.
The two outcome measures in this study, namely axonal counts in the distal tibial trunk and tetanic force measurements in the gastrocnemius muscle, correlated with each other. An association between histomorphometry and functional recovery has been reported to be an otherwise rare condition in nerve regeneration.
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Conclusions
We have shown that the placement of continuous longitudinal polyglactin sutures alone can be as effective as autologous nerve grafts in bridging a 7-mm gap in the rat sciatic nerve. Regeneration was also supported, although poorly, across 15-mm gaps and could then be enhanced by threading a short interposed nerve segment acting as a Schwann cell resource on to the sutures. The regeneration process was characterized including obtained functional recovery of muscle force. The suture model is a simple tubeless repair model that leaves few traces behind. The approach is new and can be seen as groundwork for further development of the suture/filament material or coating of these with cells or growth-promoting factors. Further studies are required before use in the clinical situation where its potential value could be, for instance, for small digital nerve defects.
